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Abstract

A method of generating a set of static lookup tables from AE9/AP9 data in order to reduce the analysis
time required for quick results while maintaining a high degree of agreement between the lookup tables
and the AE9/AP9 models is investigated. Multiple orbits ranging from a low Earth orbit (LEO) sun-
synchronous orbit at a 350-km altitude to a Tundra orbit were looked at to determine the agreement of the
static lookup tables with the AE9/AP9 model software results. It was determined that, for the orbits used
in the validation study, the static lookup tables provided small enough errors to consider them a viable
alternative to the AE9/AP9 software for fast turnaround and conceptual-level analysis.
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1. Introduction

The AE9/AP9 radiation environment models are an update to the NASA AE8/AP8 models. Unlike
AES8/AP8, which were a set of static 3D lookup tables, AE9/AP9 provides more information in the form
of statistics that account for solar cycle variability and systematic measurement uncertainties [1]. As such,
AE9/AP9 procedurally generates its environmental data based on the user inputs every time it is run.
Depending on the user inputs, this method of producing data can sometimes take hours or days for a
single run. In a conceptual design environment, it becomes necessary to reduce the turnaround time for
analyses from hours or days down to seconds or minutes. Thus it would be advantageous to have a lookup
table similar to AE8/AP8 that consists of AE9/AP9 data.

For this study, only the mean environment mode was used. AE9/AP9 model version 1.20.001 was used,
but its methods should be applicable to all versions of the AE9/AP9 model.

2. Method

The AE9/AP9 model software allows the user to specify a spacecraft mission’s orbital parameters and
duration. The software will then use a propagator to produce a trajectory file consisting of one time
dimension and three spatial dimensions per data point, readable by the AE9/AP9 software. The software
can also read a customized trajectory file that has been produced outside of the AE9/AP9 propagator. It is
the customized trajectory file that can be used to generate a 3D mesh similar to the AE8/AP8 lookup
tables. Instead of passing a spacecraft orbit to the AE9/AP9 software, a trajectory file consisting of a
series of points, all at the exact same time, and systematically varying in the three spatial dimensions to
cover all of the near-Earth space in a grid could be passed to the AE9/AP9 software. The output would
then be a snapshot of the radiation environment predicted by the AE9/AP9 model for all of space
encapsulated by the input grid. Using this ability of the AE9/AP9 software, it is possible to generate large
amounts of data that describe the near-Earth radiation environment.

Initial investigation of this method produced positive results. An arbitrary 3D grid was generated and
passed through the AE9/AP9 model. The resulting output was used to construct a 3D data table that could
be read by the Satellite Orbit Analysis Program (SOAP) [2], which is a program developed and
maintained by The Aerospace Corporation. SOAP allows for a visualization of the 3D data table in 2D
slices, as shown in Figure 1, and also allows for analysis of spacecraft orbits within the space
encapsulated by a data table. Using SOAP, the same analysis could be performed that would be
performed using the AEQ/AP9 software, except using the data table in place of procedurally generating
the particle flux data.

Early investigation into the agreeability of the 3D lookup table and the AE9/AP9 model for the same orbit
was promising, but several issues were identified. The two main issues stemmed from the temporal nature
of AE9/AP9 and the static nature of the lookup tables. The AE9/AP9 mean mode varies temporally with
two fundamental frequencies, the Earth’s rotation and the Earth’s orbit around the sun. The other modes,
can vary statistically to include other factors, such as solar activity and solar cycle.



Figure 1. Visualization of AE9 integral 1 MeV electrons using SOAP and a static 3D table containing data generated
from the AE9/AP9 model.

The first temporal variation is on short time scales (hours) and is a function of the rotation of the Earth.
This rotation of the Earth’s magnetic field interacting with the solar wind produces some features that are
highly dependent on the location of the sun in reference to the location within the magnetic field. The
geomagnetic tail, for instance, is always pointed away from the sun along the Earth—sun vector. In a static
3D table, the geomagnetic tail will rotate with the Earth, meaning that there are times when the
geomagnetic tail will be pointed toward the sun and other times when it will be pointed 90 deg to the
Earth—sun vector, instead of always being pointed anti-sun.

The second temporal variation is the result of the varying difference between the Earth’s geomagnetic
axis and the ecliptic plane. As the Earth moves from one solstice to the next, the geomagnetic tail changes
latitude as the Earth’s geomagnetic axis changes angle with the plane of the ecliptic. As such, the
structure of the outer portion of the radiation belts will change throughout a year as the Earth moves
through its orbit.

The first variation, which is a result of the rotation of the Earth, can be averaged out by generating a 4D
data table and then averaging over the time dimension. To do this, a time step of one hour was chosen and
the same spatial grid was run for 24 time steps. After all of the data had been generated, the time
dimension is averaged out, resulting in a single 3D data table for the date selected.

The second variation, which was the result of the varying latitude of the geomagnetic tail as the Earth
orbited around the sun, can be averaged out by generating several 3D tables on different days of the year,
using the method outlined in the previous paragraph, and then averaging over the different days. To do
this, the spring and fall equinoxes as well as the summer and winter solstices were selected based on the
U.S. Naval Observatory website [3]. 3D data tables were generated for each of these days and the final
3D data tables were a result of averaging over these four days.



Using these methods of accounting for the temporal variations means that, while the results between the
static lookup tables and the dynamic AE9/AP9 model will agree for mission orbits lasting years; on a time
scale shorter than a year there may be some disagreement. The impact of short time scales on the
agreeability was not looked into due to the focus on long-term mission orbits in this study.

The 3D grid itself was also a cause for disagreement between the initial lookup tables and the AE9/AP9
model. A large number of data points are desirable because that would minimize the pixilation error in the
data tables. As the number of data points increases, however, the physical size of the data tables, the
amount of computer time needed to initially produce the tables, and the amount of time needed to load the
tables into memory for analysis, increases. A low fidelity is undesirable, but if the data tables are too
large, they can be difficult to produce in a timely manner without a large number of available computer
cores, and once they are produced, if the data tables are too large it can take a large amount of time to
read them into memory for analysis.

The initial grid consisted of a geodetic set of altitudes, latitudes, and longitudes. The altitudes went from
0 km to 50,000 km in steps of 200 km, the latitudes went from 0 deg to 360 deg in steps of 5 deg, and the
longitudes went from -90 deg to 90 deg in steps of 2 deg. This produced a data grid that encompassed all
of the near-Earth space in a sphere that extends well beyond the geosynchronous altitude. A validation
study showed that the LEO orbits had larger than desired disagreement with the AE9/AP9 model, while
the higher altitude orbits agreed fairly well. It was determined that the altitude steps of 200 km were too
large for the LEO region, where the radiation environment changes quickly with altitude.

To alleviate this issue, a variable altitude step was introduced into the data tables. An altitude step of

20 km was used from 0 to 1,500 km, an altitude step of 50 km was used from 1,550 to 5,000 km, and an
altitude step of 200 was used beyond 5,200 km. An altitude step of 10 km was used from 35,610 to
36,000 to encapsulate the geosynchronous region.

It was also found that latitudes at -86 deg and below, as well as 78 deg and above, contained no flux data
output from the AE9/AP9 model, so these latitudes were removed from the grid. Additional post-
processing removed additional altitudes and latitudes where no flux data existed at each energy level in
order to minimize the data table size.

Each particle energy level for flux, as well as each shield thickness for dose rate, was broken out into a
separate data table.

3. Validation Study

To assess the agreeability between the AE9/AP9 model software output and the static 3D table analysis
outputs, a series of mission orbits were run through the AE9/AP9 model and also through the static 3D
tables using SOAP. A calculation of the percent error was made using:

3D Table Output—AE9AP9 Output "

%Error =
% AE9AP9 Output

100 Eq. 1

Using this equation, an error of close to zero means that the 3D table output was equal to the AE9/AP9
output, a positive error means that the 3D table output was overestimating the environment, and a
negative error meant that the 3D table output was underestimating the environment. In the discussions in
the following sections, the error will be referred to in absolute terms.



The AE9/AP9 propagation software was used to generate a trajectory file for the model to ingest, and
SOAP used its own propagation algorithms. Both methods used the same inputs as listed in Table 1 for a
variety of different orbits. The resulting parameters compared for all orbits were the integral particle
fluence of electrons and protons at all energy levels as well as the final dose behind a range of shield
thicknesses at the end of exactly one year in the mission orbit (January 1, 2015 00:00:00 through January
1, 2016 00:00:00). The proton and electron energy levels are the defaults from the AE9/AP9 v1.20.001
GUL. If an energy level produced no fluence data, or if the AE9/AP9 models output a fluence but the
static tables did not, they were excluded from the graphs. The total dose assumed an aluminum shield and
silicon detector with a spherical geometry with shielding thicknesses ranging from 15 to 800 mils.

Table 1. Orbital Parameters of Mission Orbits Used in the Validation Study

Orbit Type Semi-Major Argument of RAAN Eccentricity  Inclination
Axis (km) Perigee (deg) (deg) (deq)

GEO 42166.35 0 0 0 0
GIO 42166.35 0 0 0 20
Tundra Orbit 42166.35 270 0 0.2684 63.4
Magic Orbit 10560.01 270 0 0.3467 116.6
Molniya Orbit 26551.84 270 0 0.725 63.435
PNT Orbit 26551.84 0 0 0 55
Sun Synchronous at 350 km 6728.134 0 0 0 96.854
Sun Synchronous at 500 km 6878.134 0 0 0 97.4
Sun Synchronous at 750 km 7128.134 0 0 0 98.4
Sun Synchronous at 1500 km 7878.134 0 0 0 101.96
Mid Inclined LEO at 400 km 6780 0 0 0 51.64

3.1 GEO Results

The geostationary orbit (GEQ) is a circular orbit with a one-day orbit period and zero inclination. The
static tables and the AE9/AP9 models show good agreement. For electrons above 6 MeV, the error is
greater than 5%. For protons, the error is less than 5%, except for at 4 MeV, where the error is at 25%.
The total dose error is contained below 3.5% for the full range of shield thicknesses. Figure 2, Figure 3,
and Figure 4 show the error between the static tables and the AE9/AP9 models for electron fluence,
proton fluence, and total dose, respectively, for this geostationary orbit.

GEO Integral Electron Fluence Error
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Figure 2. GEO integral electron fluence error.
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Figure 4. GEO total dose error.

3.2 GIO Results

The geosynchronous-inclined (GIO) orbit is similar to the geostationary orbit, but with an inclination of
20 deg. In this orbit, the electrons, protons, and dose all show good agreement between the static tables
and the AE9/AP9 models. The electrons have an error less than 5% below 6.5 MeV, and less than 10% at
all energy levels. The protons have an error between 0% and 3%. The total dose error less than 2.5% for
the full range of shield thicknesses. Figure 5, Figure 6, and Figure 7 show the error between the static
tables and the AE9/AP9 models for electron fluence, proton fluence, and total dose, respectively, for this

geosynchronous-inclined orbit.
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Figure 5. GIO integral electron fluence error.
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Figure 6. GIO integral proton fluence error.
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Figure 7. GIO total dose error.

3.3 Tundra Orbit Results

The Tundra orbit is an orbit with a period of one day and is slightly elliptical and critically inclined. In
this orbit, the agreement between the static tables and the AE9/AP9 models is very good, with the
electron error less than 3%, proton error between 1.5% and 2%, and total dose error less than 2.5%.
Figure 8, Figure 9, and Figure 10 show the error between the static tables and the AE9/AP9 models for
electron fluence, proton fluence, and total dose, respectively, for this Tundra orbit.

Not shown in Figure 9 is the case for protons at 6 MeV. In this case, the AP9 model reported a low
fluence count while the static tables reported nothing, resulting in a 100% error. The integral fluence at

4 MeV was 2e7 particles/cm”2, while the integral fluence at 6 MeV was 5e3 particles/cm”2, representing
a steep drop-off in the particle environment between these two energy levels.
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Figure 8. Tundra orbit integral electron fluence error.
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Figure 10. Tundra orbit total dose error.

3.4 Magic Orbit Results

The magic orbit is a critically inclined orbit with a three-hour period and a repeating ground track. The
agreement between the static tables and the AE9/AP9 models is very good for all particles and energy
levels. For electrons, the general error is below 3%, except for the 7.5 and 8 MeV cases, where the error is
3.6% and 7.2%, respectively. For protons, the error is below 1% for all cases except at 0.1 MeV, where
the error is 1.1%. For total dose, the error is below 1.2% for all shield thicknesses. Figure 11, Figure 12,
and Figure 13 show the error between the static tables and the AE9/AP9 models for electron fluence,
proton fluence, and total dose, respectively, for this magic orbit.
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Figure 11. Magic orbit integral electron fluence error.
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Figure 12. Magic orbit integral proton fluence error.
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Figure 13. Magic orbit total dose error.

3.5 Molniya Orbit Results

The Molniya orbit is a highly elliptical, critically inclined orbit. The static tables and the AE9/AP9
models show very good agreement at all electron and proton energy levels. The electron error is below
1% at energies at all energies except at 8 MeV, where it is 1.04%. The proton error is at or below 3.5%
below 200 MeV and grows to 5-6% at 700 to 1200 MeV. For total dose, the error is low at low shielding
thicknesses and grows to 3.25% error above 300 mils. Figure 14, Figure 15, and Figure 16 show the error
between the static tables and the AE9/AP9 models for electron fluence, proton fluence, and total dose,

respectively, for this Molniya orbit.
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Figure 16. Molniya orbit total dose error.

3.6 PNT Orbit Results

The Position, Navigation, and Timing (PNT) orbit is a circular orbit with a half-day orbit period and a
55-deg inclination. There is very good agreement between the static tables and the AE9/AP9 models. The
electrons have an error less than 0.6% at all energy levels, the protons have an error less than 1.1% at all
energy levels shown, and the total dose error is less than 0.2% at all shielding thicknesses. Figure 17,
Figure 18, and Figure 19 show the error between the static tables and the AE9/AP9 models for electron
fluence, proton fluence, and total dose, respectively, for this PNT orbit.

Not shown in Figure 18 are the cases for protons at 8, 10, and 15 MeV. In these cases, the AP9 model
reports a fluence count while, with the exception of the 8 MeV case, the static tables do not. For the

8 MeV case, the static tables report a fluence of 1e5 particles/cm”2, while the AP9 model reports a
fluence of 1e6 particles/cm”2. For the 10 and 15 MeV cases, the static tables report no fluence while the
AP9 model does, though they are very low fluences compared to the slightly lower energy levels. For
instance, the AP9 model reports a fluence of 541 particles/cm”2 for the 15 MeV case.

11
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Figure 19. PNT orbit total dose error.

3.7 Sun Synchronous Orbit at 350 km Results

This sun synchronous orbit is a low-earth orbit (LEO) with an altitude of 350 km and an inclination of
96.9 deg. This orbit has good agreement between the static tables and the AE9/AP9 models. The electrons
have an error of ~5% from the low energies up to 5 MeV, at 5.5 MeV the error increases to 10% and then
28% at 6 MeV. The protons have an error that is between 4% and 6% below 8 MeV, and shrinks to less
than 3% as the energy level grows. The total dose error is fairly constant between 3% and 4.5% for all
shield thicknesses. Figure 20, Figure 21, and Figure 22 show the error between the static tables and the
AE9/AP9 models for electron fluence, proton fluence, and total dose for this sun synchronous orbit

respectively.

Not shown in Figure 21 is the case for protons at 1200 MeV. In this case, the AP9 model reports a fluence
count while the static tables do not, resulting in a 100% error. The fluence reported by the AP9 model for
700 MeV protons is 3e5 while the fluence for 1200 MeV protons is 121 representing a steep drop off in
the particle environment between these two energy levels.
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Figure 20. Sun-Synchronous orbit at 350 km integral electron fluence error.
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Figure 21. Sun-Synchronous orbit at 350 km integral proton fluence error.
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Figure 22. Sun-Synchronous orbit at 350 km total dose error.
3.8 Sun Synchronous Orbit at 500 km Results

This sun synchronous orbit is a LEO with an altitude of 500 km and an inclination of 97.4 deg. This orbit
has good agreement between the static tables and the AE9/AP9 models. The electrons have an error
between 2% and 6%. The protons have an error that starts at 6% but shrinks to ~0% as the energy level
increases, however the error jumps to 10% at 1200 MeV. The total dose error is fairly consistent between
2.5% and 3% for all shield thicknesses. Figure 23, Figure 24, and Figure 25 show the error between the
static tables and the AE9/AP9 models for electron fluence, proton fluence, and total dose for this sun
synchronous orbit respectively.

14



% Error

% Error

12
10

o N B OO

SS 500 Integral Electron Fluence Error

1 2 3 4 5

Electron Energy (MeV)

Figure 23. Sun-Synchronous orbit at 500 km integral electron fluence error.
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Figure 24. Sun-Synchronous orbit at 500 km integral proton fluence error.
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Figure 25. Sun-Synchronous orbit at 500 km total dose error.

3.9 Sun Synchronous Orbit at 750 km Results

This sun synchronous orbit is a LEO with an altitude of 750 km and an inclination of 98.4 deg. This orbit
has very good agreement between the static tables and the AE9/AP9 models. The electrons have an error
between 2.5% and 3% for most energy levels. The protons have an error that starts at 3.7% but shrinks to
less than 1.5% as the energy level increases. The total dose error at low shielding thicknesses starts at
2.5% and shrinks to 0% above 300 mils. Figure 26, Figure 27, and Figure 28 show the error between the
static tables and the AE9/AP9 models for electron fluence, proton fluence, and total dose for this sun

synchronous orbit respectively.
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Figure 26. Sun-Synchronous orbit at 750 km integral electron fluence error.
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Figure 27. Sun-Synchronous orbit at 750 km integral proton fluence error.
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Figure 28. Sun-Synchronous orbit at 750 km total dose error.

3.10 Sun Synchronous Orbit at 1500 km Results

This sun synchronous orbit is a LEO with an altitude of 1500 km and an inclination of 116.6 deg. This
orbit has very good agreement between the static tables and the AE9/AP9 models. The electrons have an
error between 1% and 2% for all energy levels except for 6.5 MeV where it is 15%. The protons have an
error that starts at 1.3% but shrinks to less than 0.5% at 4 MeV and above. The total dose error starts at
0.65% and drops to less than 0.3% above 150 mils. Figure 29, Figure 30, and Figure 31 show the error
between the static tables and the AE9/AP9 models for electron fluence, proton fluence, and total dose for

this sun synchronous orbit respectively.
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Figure 29. Sun-Synchronous orbit at 1500 km integral electron fluence error.
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Figure 30. Sun-Synchronous orbit at 1500 km integral proton fluence error.
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Figure 31. Sun-Synchronous orbit at 1500 km total dose error.

3.11 Mid-Inclined LEO at 400 km

This mid inclined LEO has an altitude of 400 km and an inclination of 51.46 deg. This orbit has
reasonable agreement between the static tables and the AE9/AP9 models. The electrons have an error
between 4% and 6% for all energy levels below for 4 MeV where it rises to a maximum of 14%. The
protons have an error less than 6% at all energy levels. The total dose error is very consistent between 4%
and 5%. Figure 32, Figure 33, and Figure 34 show the error between the static tables and the AE9/AP9
models for electron fluence, proton fluence, and total dose for this sun synchronous orbit respectively.

Not shown in Figure 33 is the case for protons at 1200 MeV. In this case, the AP9 model reports a fluence
count while the static tables do not, resulting in a 100% error. The fluence reported by the AP9 model for

700 MeV protons is 1e6 while the fluence for 1200 MeV protons is 5.5e3 representing a steep drop off in

the particle environment between these two energy levels.
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Figure 32. Mid-Inclined LEO at 400 km integral electron fluence error.
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Figure 33. Mid-Inclined LEO at 400 km integral proton fluence error.
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Figure 34. Mid-Inclined LEO at 400 km total dose error.

4. Conclusion

The static tables seem to have very good agreeability with the AE9/AP9 models for most of the orbits
looked at. Generally, the errors found were less than 5%. Of the eleven orbits studied, the static tables
overestimated the environment only for the GIO, Tundra, Molniya, and PNT orbits. For the remaining
seven orbits, the static tables underestimated the environment.

In many of the cases looked at, there was a sudden increase in errors at the highest energy levels present;
also, some orbits had fluences reported by the AE9/AP9 models that were not reported by using the static
tables. It is worth noting that in instances of large disagreement between the two methods, or instances
where the AE9/AP9 model showed a fluence where the tables did not, there was generally a significant
difference in integral fluence between the energy levels surrounding the discrepancies.
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Due to the high amount of agreeability across all orbits studied, it can be concluded that the method of
generating static tables of AE9/AP9 model data is viable, and the static tables provide an alternative to
running the AE9/AP9 software as long as an approximately +5% error is acceptable to the user.

Because both the short (hourly) and long (seasonal) time variations of the mean model were accounted for
in the averaging of the data tables, it is unknown why these discrepancies still exist. It may be possible
that the fidelity of these data tables was insufficient in the three spacial dimensions to properly capture
some of the finer details in regions of the radiation environment where there was rapid spacial change.
The use of a geodetic coordinate system was selected because it is easy to work in for the spherical space
around Earth, however it has limitations. Latitude and longitude resolution is good close to Earth, but as
altitude increases the amount of physical distance from one longitude or latitude point to the next
becomes significant, which may be one source of pixilation error.

Another approach for these data tables would be to increase the number of dimensions captured in the
data tables from three to four and incorporating a time variation. In this way, a more accurate
representation of the radiation environment might be captured and the static tables might be usable for
mission durations shorter than one year. Doing this, however, would increase the file size of the data table
by a multiplier equal to the number of time steps included. While file storage may not be an issue, load
time and working memory size might be prohibitive.
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